Abstract: Osteosarcoma (OS) is the most common primary malignant tumor of bone with a high propensity for lung metastasis. Despite significant advances in surgical techniques and chemotherapeutic regimens over the past few decades, there has been minimal improvement in OS patient survival. There is an urgent need to identify novel antitumor agents to treat human OS. Repurposing the clinically-used drugs represents a rapid and effective approach to the development of new anticancer agents. The anthelmintic drug niclosamide has recently been identified as a potential anticancer agent in human cancers. Here, we investigate if niclosamide can be developed as an anti-OS drug. We find that niclosamide can effectively inhibit OS cell proliferation and survival at low micromolar concentrations. Cell migration and wounding closure are significantly inhibited by niclosamide. Niclosamide induces cell apoptosis and inhibits cell cycle progression in OS cells. Analysis of niclosamide's effect on 11 cancer-related signal pathway reporters reveals that three of them, the E2F1, AP1, and c-Myc-responsive reporters, are significantly inhibited. To a lesser extent, the HIF1α, TCF/LEF, CREB, NFκB, Smad/TGFβ, and Rbpj/Notch pathway reporters are also inhibited, while the NFAT and Wnt/β-catenin reporters are not significantly affected by niclosamide treatment. We demonstrate that the expression of c-Fos, c-Jun. E2F1, and c-Myc in OS cells is effectively inhibited by niclosamide. Furthermore, niclosamide is shown to effectively inhibit tumor growth in a mouse xenograft tumor model of human osteosarcoma cells. Taken together, these results strongly suggest that niclosamide may exert its anticancer activity in OS cells by targeting multiple signaling pathways. Future investigations should be directed to exploring the antitumor activity in clinically relevant OS models and ultimately in clinical trials.
INTRODUCTION
Osteosarcoma (OS) is the most common nonhematological malignant tumor of bone in children and adults, with its peak incidence in the teens [1] [2] [3] [4] [5] . OS usually involves the metaphysis of long bones where high bone turnover occurs during longitudinal growth spurts [6] . OS is characterized by a high propensity for lung metastasis with 10%-20% having detectable metastases at diagnosis [7] . These pulmonary lesions are responsible for the high mortality associated with OS [4, 6] . Only about 15-20% of patients have radiographically detectable pulmonary metastases, while approximately 80% of the patients either will develop or already have radiographically undetectable micrometastases [4] [5] [6] 8] . Although the pathogenesis underlying OS is poorly understood, the tumors often develop in settings of high bone turnover, such as the adolescent growth spurt [4] [5] [6] 9] . Numerous genetic and cytogenetic abnormalities have been associated with OS, including mutations of tumor suppressors Repurposing the clinically-used drugs represents a rapid and effective approach to the discovery and development of new anticancer agents. For the past five years, niclosamide has been repeatedly identified as as a potential anticancer agent by various high-throughput screening campaigns [35] . Niclosamide (trade name Niclocide) is a teniacide in the anthelmintic family, especially effective against cestodes that infect humans, and has been approved for use in humans for nearly 50 years. Niclosamide was thought to inhibit oxidative phosphorylation and stimulates adenosine triphosphatase activity in the mitochondria of cestodes (e.g. tapeworm), killing the scolex and proximal segments of the tapeworm both in vitro and/or in vivo, which is well tolerated in humans [35] . Several studies have shown that niclosamide exhibits effective anticancer activity and inhibits the growth of colon rectal cancer [36] [37] [38] , lung cancer [39, 40] , breast cancer [41] [42] [43] [44] , ovarian cancer [45] [46] [47] , prostate cancer [41, 48] , glioblastoma [49] , head and neck cancer [50] , leukemia [51, 52] , and human uterine leiomyoma [53] . Despite significant advances in surgical techniques and chemotherapeutic regimens over the past few decades, there has been minimal improvement in patient survival. Thus, there is an urgent need to identify novel and more effective antitumor agents to treat human OS.
In this report, we investigate if niclosamide inhibits the proliferation of human OS cells. Using the commonly used OS cell lines, we find that niclosamide can effectively inhibit OS cell proliferation and survival at low micromolar concentrations. Cell migration and wounding closure are also significantly inhibited by niclosamide at very low concentrations. Niclosamide is capable of inducing cell apoptosis and inhibits cell cycle progression in OS cells. To explore possible molecular mechanism underlying niclosamide's anti-proliferative activity we analyze niclosamide's effect on 11 cancer-related signal pathway reporters and find that three of the tested 11 pathway reporters, E2F1, AP1, and c-Myc-responsive reporters, are significantly inhibited at as early as 24h after niclosamide treatment. The E2F1 and AP1 reporters are even more pronouncedly inhibited at 48h post treatment. We find that HIF1α, TCF/LEF, CREB, NFκB, Smad/TGFβ, and Rbpj/Notch pathway reporters are also inhibited, to a lesser extent, while the NFAT reporter is not significantly affected by niclosamide treatment. Interestingly, contrary to the prior reports [36, 37, 41, 46, 47, 53, 54] , the Wnt signal pathway TCF/LEF reporter activity is not significantly inhibited in OS cells. We further demonstrate that the expression of cFos and c-Jun (the AP1 pathway), E2F1, and c-Myc in OS cells is effectively inhibited at as low as 0.25µM niclosamide. Furthermore, niclosamide is shown to effectively inhibit xenograft tumor growth in a mouse model of human osteosarcoma cells. Taken together, these results strongly suggest that niclosamide may exert its anticancer activity by targeting multiple signaling pathways.
MATERIALS AND METHODS

Cell Culture and Chemicals
Human osteosarcoma lines MG63 and 143B were purchased from ATCC (Manassas, VA) and maintained in complete Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA), 100 units of penicillin and 100µg of streptomycin at 37°C in 5% CO 2 [55] [56] [57] [58] [59] [60] [61] . Niclosamide was purchased from Cayman Chemical (Ann Arbor, MI). Unless indicated otherwise, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA).
Crystal Violet Viability Assay
Crystal violet assay was conducted as described [11, 13, 15, 17, 19, 55, 56, [61] [62] [63] [64] [65] . Briefly, subconfluent osteosarcoma cells were treated with varied concentrations of niclosamide or DMSO control. At 48h or 72h after treatment, cells were carefully washed with PBS and stained with 0.5% crystal violet/formalin solution at room temperature for 20-30 min. The stained cells were washed with tape water and air dried for taking macrographic images [57] . For quantitative measurement, the stained cells were dissolved in 10% acetic acid (1 ml per well for 12-well plate) at room temperature for 20 min with shaking. 500µl were taken and added to 2 ml ddH 2 O. Absorbance at 570-590nm was measured [56, 57, 66] .
Apoptosis Analysis with Hoechst 33258
Exponentially growing 143B and MG63 cells were treated with 1.5µM and 3.0µM niclosamide or DMSO control. At 48h post treatment, cells were collected, fixed and stained with the Magic Solution (0.5% NP-40, 3.4% formaldehyde and 10µg/ml Hoechst 33258, in PBS). Apoptotic cells were observed and recorded under a fluorescence microscope. Each assay condition was done in triplicate; and the results were repeated at least in three independent batches of experiments. The average numbers of apoptotic cells were calculated by counting apparent apoptotic cells in at least ten 100x magnification images for each assay condition.
Apoptosis Analysis Using Annexin V-FITC Flow Cytometry
The annexin V staining apoptosis assay was performed as previously described [60, 66, 67] . Briefly, exponentially growing 143B and MG63 cells were seeded in 6-well plates and treated with niclosamide (10µM) or DMSO control. At 24h post treatment, cells were trypsinized, washed with PBS, resuspended in Annexin V Binding Buffer at a density of 10 6 cells/ml, and stained with Annexin V-FITC (BD Pharmingen, San Jose, CA) and propidium iodide for 15min at room temperature under a light-proof condition. The stained cells were subjected to flow cytometry analysis using the BD FACSCalibur-HTS. The acquired flow cytometry data were analyzed by using the FlowJo v10.0 software. Each assay condition was done in triplicate.
Cell Scratching/Wounding Assay
Cell wound healing migration assays were performed as previously described [34, 60, 68] . Briefly, exponentially growing cells were seeded in 6-well cell culture plates at subconfluency. Once the cells reached approximately 90% confluence, the monolayer cells were wounded with pipette tips. At various time points after wounding, the wound healing at the approximately same fields was recorded under bright field microscopy. These assays were done in triplicate. The average gap widths were measured and determined from at least ten low-power field images for each assay condition using Olympus Cellsens Digital Imaging software. The percentage of gap remaining open was calculated by dividing the average gap width at a given time point with the respective average gap width at 0h.
Flow Cytometry Analysis
Subconfluent 143B and MG63 cells were seeded in 6-well plates and treated with 1.0µM niclosamide or DMSO for 24h or 48h. The treated cells were harvested, fixed and stained with the Magic Solution (10x stock: 0.5% NP-40, 3.4% formaldehyde, 10µg/ml Hoechst 33258, in PBS) at room temperature for 5-10min, and washed twice with PBS on ice. The stained cells were subjected to flow cytometry analysis using the bench-top cell analyzer BD FACSCalibur-HTS. Each assay condition was done in triplicate. Acquired flow cytometry data were further analyzed with the FlowJo v10.0 software.
Cell Transfection and Gaussia Luciferase Reporter Assay
Gaussia luciferase reporter assay was carried out as described previously [59, [68] [69] [70] [71] . The tested 11 cancer-relate signaling pathway reporters, including HIF1α, TCF1/Lef1, E2F, AP1, NFκB, c-Myc, CREB, NFAT, TGFβ/Smad, STAT, and Rbpj reporters [72] . Briefly, 143B cells were seeded in 25 cm 2 culture flasks and transfected with 3.0µg per flask of the 11 cancer-related signal pathway reporter plasmids as previously described [72] using LipofectAMINE (Invitrogen). At 16h post transfection, cells were replated in 12-well plates and treated with various concentrations of niclosamide or DMSO solvent control. At 24h and 48h post treatment, cells were lysed and subjected to Gaussia luciferase activity assays BioLux Gaussia Luciferase Assay Kit (New England Biolabs). Each assay condition was done in triplicate. Luciferase activity was normalized by total cellular protein concentrations among the samples.
RNA Isolation and Quantitative Real-Time PCR (qPCR)
Subconfluent 143B cells were treated with varied concentrations of niclosamide for 48h. Total RNA was isolated from the treated cells by using TRIZOL Reagents (Invitrogen) and subjected to generate cDNA templates by reverse transcription reactions with hexamer and M-MuLV reverse transcriptase (New England Biolabs, Ipswich, MA). The cDNA products were used as PCR templates. PCR primers were designed by using the Primer3 program and used to amplify the genes of interest (approximately 150-250bp). The primers used for qPCR include the following: human c-Fos, forward 5'-AGA ATC CGA AGG GAA AGG AA-3' and reverse 5'-CTT CTC CTT CAG CAG GTT GG-3'; human c-Jun, forward 5'-CAG GTG GCA CAG CTT AAA CA-3' and reverse 5'-TTT TTC TCT CCG TCG CAA CT-3'; human E2F1, forward 5'-ATG TTT TCC TGT GCC CTG AG-3' and reverse 5'-ATC TGT GGT GAG GGA TGA GG-3'; human c-Myc, forward 5'-CGT CCT GGG AAG GGA GAT-3' and reverse 5'-CGC TGC TAT GGG CAA AGT-3'; and human GAPDH, forward 5'-ATG TTT TCC TGT GCC CTG AG-3' and reverse 5'-ATC TGT GGT GAG GGA TGA GG-3'. The qPCR were carried out as described [17, 21, 56-58, 60, 69, 71, 73-81] . Briefly, the SYBR Green-based qPCR analysis was carried out by using the thermocycler Opticon II DNA Engine (Bio-Rad, CA) with a standard pUC19 plasmid. The qPCR reactions were done in triplicate. PCR products were resolved on 1.5% agarose gels. All samples were normalized by the expression level of GAPDH.
Xenograft Tumors of Human Osteosarcoma Cancer Cells
The use and care of animals were approved by the Institutional Animal Care and Use Committee. 143B stably labeled with firefly luciferase (143B-Fluc) was constructed with piggyBac transposon system [56, 58, 61] . Exponentially growing 143B-Fluc cells were collected, resuspended at 10 7 cells/ml and injected periosteally around tibia of the athymic nude mice (Harlan Laboratories, 6-8 week old, female, 10 6 cells per injection). At 3 days after cancer cell injection, the mice were divided into two groups (n=6 per group), and treated with niclosamide at 10mg/kg or DMSO intraperitoneally once every two days. The growth of tumors were monitored by whole body bioluminescence imaging using the Xenogen IVIS 200 Imaging System at days 4, 11, and 18 after drug treatment. The mice were sacrificed at the end of week 3 after. The average signal for each group at different time points were calculated using the Xenogen's Living Image analysis software as reported [17, 19, 60] .
Statistical Analysis
The quantitative assays were performed in triplicate and/or repeated three times. Data were expressed as mean ± SD. Statistical significances were determined by one-way analysis of variance and the student's t test. A value of p<0.05 was considered statistically significant.
RESULTS AND DISCUSSION
Niclosamide Inhibits the Proliferation and Survival of Human Osteosarcoma Cells
To test if niclosamide can be used as a potentially repurposed anticancer agent for osteosarcoma, we tested if niclosamide can effectively inhibit the proliferation and survival of two commonly-used human osteosarcoma cell lines, 143B and MG63. 143B is one of the most aggressive osteosarcoma lines and can effectively develop lung metastasis in orthotopic animal models [17, 62, 65] . We found that 143B cell proliferation was noticeably inhibited at 4µM at 48h and became more apparent at 0.5µM at 72h (Fig.  1A, panel a) . Quantitative analysis indicates that the cell survival rates decreased significantly at 72h in a dosedependent fashion and were 35.8%, 27.1%, 18.3%, 11.8%, and 9.8% of the DMSO control's at 0.5µM, 1.0µM, 2.0µM, 4.0µM and 8.0µM niclosamide, respectively (p<0.001) (Fig.  1A, panel b) . MG63 cells are known to be less aggressive, but their proliferation was effectively inhibited at 0.5µM niclosamide both at 48h and 72h although there was a significantly dose-dependent effect (Fig. 1B, panel a) . In fact, the cell survival rates were 46.4%, 33.5%, 22.9%, and 16.4% of the DMSO control group's at 0.5µM, 1.0µM, 2.0µM, and 4.0µM niclosamide, respectively (p<0.001) (Fig.  1B, panel b) . The anti-proliferative activity of niclosamide was also found in several other OS cell lines, such as TE-85, HOS/MNNG, U2OS and SaOS2 cell lines, and the OS patient-derived OS lines established in our lab [13, 19] (data not shown). Therefore, these results strongly suggest that niclosamide may effectively inhibit osteosarcoma cell proliferation.
Niclosamide Inhibits the Cell Migration and Wounding Closure of Human Osteosarcoma Cells
We further examined the effect of niclosamide on cell migration after monolayer wounding. When monolayer 143B cells were wounded and treated with 1.5µM and 3.0µM niclosamide, the niclosamide-treated groups closed the gaps at much slower pace at 12h and 20h time points, compared with that of the DMSO control group (Fig. 2A,  panel a) . In fact, the open gaps in the niclosamide treatment groups remained 62.1% and 61.5% at 12h, and 45.9% and 53.3% of the original gaps (at 0h) at 20h for 1.5µM and 3.0µM niclosamide, respectively (p<0.001) (Fig. 2B, panel  a) . Similar results were obtained in MG63 cells except that the niclosamide exhibited even strongly inhibitory effects ( Fig. 2A, panel a) . Quantitatively, at the 20h time point the percentages of gap remaining open were 42.3%, 49.4%, and 84.2% for DMSO, 1.5µM and 3.0µM niclosamide groups, respectively, although only the difference between the 3.0µM niclosamide group and DMSO group was statistically significant (p<0.001) (Fig. 2A, panel b) . However, at the 43h time point both niclosamide treatment groups exhibited significantly gaps, compared with the DMSO control group (p<0.001) (Fig. 2A, panel b) . Taken together, our results indicate that niclosamide can effectively inhibit osteosarcoma cell migration.
Niclosamide Effectively Induces Apoptosis and Inhibits Cell Cycle Progression of Human Osteosarcoma Cells
To investigate possible mechanisms underlying niclosamide's anti-proliferative activity, we tested if niclosamide can induce apoptosis in osteosarcoma cells. When 143B and MG63 cells were treated with 1.5µM and 3.0µM niclosamide or DMSO control, apoptotic cells were readily detected in the niclosamide-treated cells, compared with those treated by DMSO (Fig. 3A) . Cells treated with 3.0µM niclosamide exhibited slightly higher numbers of apoptotic cells than that treated with 1.5µM niclosamide. Quantitative analysis indicates that niclosamide induced 4.4 and 6.3 times higher in numbers of apoptotic cells in 143B cells than DMSO control groups at 1.5µM and 3.0µM niclosamide, respectively (p<0.001) (Fig. 3B) . In MG63 cells, 1.5µM and 3.0µM niclosamide treatment induced 3.3 and 4.5 times of apoptotic cells compared with that in the DMSO control groups (p<0.001) (Fig. 3B) . We further analyzed niclosamide-induced apoptosis by using the annexin V-FITC labeling assay. We found that niclosamide treatment led to a significant increase in the percentage of apoptotic cells (Fig. 3C) . Specifically, niclosamide treatment (at 10µM) caused 43.6% and 40.0% apoptotic cells in 143B and MG63 cells, respectively, while the basal apoptotic cells were at 6.3% and 5.2% for 143B and MG63 cells (Fig. 3D) . Taken together, these findings suggest that niclosamideinduced apoptosis may be at least in part responsible for niclosamide's anti-proliferative activity in osteosarcoma cells.
We further investigated if niclosamide impacted the cell cycle progression of the treated osteosarcoma cells. When the 143B cells were treated with 1.0µM niclosamide or DMSO and subjected to cell cycle profile analyses, we found that at 24h post treatment the percentage of the G1 phase in the niclosamide-treated 143B cells increased while the S and G2 phases decreased, compared with that in the DMSO control group (Fig. 4A, panels a vs. b) . Statistical analysis indicated that niclosamide treatment led to a significantly increased G1 phase (p<0.001), decreased S phase (p<0.05), and reduced G2 phases (p<0.001) (Fig. 4A, panel c) . Similar results were obtained from MG63 cells. Specifically, at 48h post treatment the percentage of the G1 phase in the niclosamide-treated MG63 cells increased while the S phase decreased, compared with that in the DMSO control group (Fig. 4B, panels a vs. b) . Further analysis indicated that niclosamide treatment led to a significantly increased G1 phase (p<0.001) and a significantly decreased S phase (p<0.001), while there was no significant change in G2 phase (p>0.05) (Fig. 4B, panel c) . Taken together, these results indicate that niclosamide exhibits its anti-proliferative activity by inducing G1 arrest and inhibiting the cell cycle progression of human osteosarcoma cells. 
Niclosamide Inhibits Multiple Signaling Pathways in Human Osteosarcoma Cells
The molecular basis underlying the anticancer activity of niclosamide remains largely undefined. Using the reporters of 11 cancer signaling pathways [66, 67, 72] , we assessed the effect of niclosamide on this panel of reporters. When exponentially growing 143B cells were treated with 1.0µM niclosamide or DMSO for 24h and 48h, we found that three of the tested 11 pathway reporters, E2F1, AP1, and c-Mycresponsive reporters, were significantly inhibited at as early as 24h after niclosamide treatment (Fig. 5A) . The E2F1 and AP1 reporters were even more pronouncedly inhibited at 48h post treatment. We also found that the NFAT reporter was not significantly affected by niclosamide treatment, while HIF1α, TCF/LEF, CREB, NFκB, Smad/TGFβ, and Rbpj/ Notch pathway reporters were only slightly inhibited at 24h (Fig. 5A) . Interestingly, contrary to the prior reports [36, 37, 41, 46, 47, 53, 54] , the Wnt signal pathway TCF/LEF reporter activity was not effectively inhibited. These results were also confirmed by immunofluorescence staining of the β-catenin level, which showed that niclosamide treatment did not affect the β-catenin level in 143B cells (data not shown). Nonetheless, these results strongly suggest that niclosamide may exert its anticancer activity by targeting multiple signaling pathways.
Based on the reporter assay results, we further analyzed the effects of niclosamide on the expression levels of the three affected signaling pathways, including E2F1, c-Myc, cFos and c-Jun. When the exponentially growing 143B and MG63 cells were treated with the varied concentrations of niclosamide or DMSO for 48h, the isolated RNA was subjected to quantitative real-time PCR analysis using primers specific for mouse c-Fos, c-Jun, E2F1, and c-Myc. We found that the expression of c-Fos and c-Jun (the AP1 pathway) and c-Myc was effectively inhibited at as low as 0.25µM niclosamide (p<0.001) (Fig. 5B) . The expression of E2F1 was also significantly inhibited at 0.5µM niclosamide (p<0.001) (Fig. 5B) . These results further confirmed the findings from the reporter analysis shown in Fig. 5A . Taken together, our results indicate that niclosamide may inhibit multiple signaling pathways, at least in human osteosarcomas, to exert its potent antitumor activity.
Niclosamide Inhibits Tumor Growth in the Xenograft Model of Human Osteosarcoma Cells
In order to demonstrate the niclosamide's antitumor activity in vivo, we conducted in vivo analysis using the mouse xenograft tumor model of human osteosarcoma cells. luciferase (143B-Fluc) was constructed with piggyBac transposon system [56, 58, 61] . The exponentially growing 143B-Fluc cells were first periosteally injected around tibia of the athymic nude mice. At three days after injection, the mice were treated with niclosamide 10mg/kg intraperitoneally once every two days or DMSO. The tumor growth was monitored by using whole body bioluminescence imaging using the Xenogen IVIS 200 Imaging System at days 4, 11, and 18 after drug treatment (Fig. 6A) . Quantitative analysis indicated that the average signal for the niclosamide treatment group was significantly lower than that of the DMSO control group's at week 2 and week 3 time points (Fig. 6B) . These results demonstrate that niclosamide exhibits strong antitumor activity against osteosarcoma cells in the mouse xenograft model, although extensive studies in clinically-relevant osteosarcoma animal models, including the use of patient-derived xenograft model, are needed.
The Molecular Underpinning of Niclosamide-Mediated Anticancer Activity Remains to Be Fully Elucidated
Since it was reported that niclosamide may be repurposed as an anticancer agent, several studies have been carried out to delineate its potential molecular mechanisms [35] . One of the earliest studies showed that niclosamide can inhibit Notch signaling in K562 cells [51] . A cell-based screening assay identified niclosamide as one of the candidate compounds that were capable of stimulating autophagy and inhibiting mTORC1 signaling in cells maintained in nutrientrich conditions [82, 83] . Consistent with our pathway reporter assay results, several signaling pathways have been reported as the targets of niclosamide action. For example, niclosamide Exponentially growing 143B cells were seeded in 24-well cell culture plates and transfected with the plasmids for the Gaussia luciferase reporters of the indicated 11 pathways, and treated with 1.0µM niclosamide or DMSO control. At 24h and 48h post treatment, culture media were collected and subjected to Gaussia luciferase assays using the BioLux Gaussia Luciferase Assay Kit (New England Biolabs). Each assay condition was done in triplicate. The % of remaining reporter activity in each treatment group was calculated by dividing the treatment group's luciferase activity with the respective DMSO group's lunciferase activity. (B) qPCR analysis. Exponentially growing 143B and MG63 cells were treated with the indicated concentrations of niclosamide or DMSO. At 48h post treatment, total RNA was isolated from the treated cells and subjected to qPCR analysis using primers specific for mouse c-Fos, c-Jun, E2F1, and c-Myc. All samples were normalized by endogenous GAPDH levels. Each assay condition was done in triplicate. "**", p<0.001 (compared with the DMSO or 0.0µM control group).
was shown to inactivate NFκB pathway and generate reactive oxygen species in acute myelogenous leukemia stem cells [52] . Niclosamide inhibited the activation and transcriptional function of STAT3 and consequently induced cell growth inhibition, apoptosis, and cell cycle arrest of the cancer cells with constitutively active STAT3 [84] . A recent study suggests that niclosamide can overcome the acquired resistance to erlotinib through suppression of STAT3 in nonsmall cell lung cancer [39] , and reversed radioresistance of human lung cancer [40] . It was reported that inhibition of STAT3 by niclosamide synergized with erlotinib against head and neck cancer [50] . S100A4-induced metastasis formation in a mouse model of colon cancer was effectively inhibited by niclosamide [38] . Several studies demonstrated that niclosamide may effectively target and inhibit the canonical Wnt/β-catenin signal pathway [36, 37, 41, 46, 47, 53, 54] . Furthermore, niclosamide was shown to induce apoptosis, impairs metastasis and reduces immunosuppressive cells in breast cancer model [43] . More recently, it was reported that niclosamide inhibited the expression of androgen receptor variants and overcame enzalutamide resistance in castrationresistant prostate cancer [48] . Niclosamide has been reported to inhibit the proliferation and/or growth of human glioblastoma [49] , basal-like breast cancer [44] , and the breast cancer-like stem cells [42] . While our manuscript was under review, it was reported that niclosamide induces apoptosis and cell cycle arrest in vitro in human OS lines [85] . Thus, our findings and the results from this report collectively demonstrate that niclosamide has strong anti-OS activity and should be further explored as potential combinatorial or adjuvant therapies for OS tumors.
Our multiple signal pathway reporter analysis indicates that niclosamide can also effectively target E2F, c-Myc and AP-1 pathways in human osteosarcoma cells. Interestingly, a recent study reported that niclosamide acted as an effective radiosensitizer in non-small cell lung cancer cells by enhancing ROS-mediated cell death through c-Jun activation, suggesting that niclosamide may be a promising radiosensitizer in lung cancer cells through activation of the p38 MAPK-cJun axis [86] . However, it was not clear if the AP-1 activity was affected under this condition. It should also be pointed out that our pathway reporter analysis failed to demonstrate a significant inhibition of the Wnt signal pathway by niclosamide, which is in contrast to several prior reports [36, 37, 41, 46, 47, 53, 54] . While we do not have any satisfactory explanations for this discrepancy, one possible reason is that Wnt/β-catenin signaling may not play as important role in OS development as in colon cancer or ovarian cancer. Nonetheless, these results strongly suggest that niclosamide may exert its anticancer activity in OS cells by targeting multiple signaling pathways. Future investigations should be directed to exploring the antitumor activity in animal models of human OS tumors, and ultimately in clinical trials.
CONCLUSIONS
In summary, we find that niclosamide can effectively inhibit OS cell proliferation and survival, as well as cell migration and wounding closure. Niclosamide is capable of inducing cell apoptosis and inhibits cell cycle progression in OS cells. We further analyze the niclosamide's effect on 11 cancer-related signal pathway reporters and find that three of the tested 11 pathway reporters, E2F1, AP1, and c-Mycresponsive reporters, are significantly inhibited at as early as 24h after niclosamide treatment. The E2F1 and AP1 reporters are even more pronouncedly inhibited, while the NFAT and Wnt/β-catenin reporters are not significantly affected by niclosamide treatment. Furthermore, we demonstrate that the expression of c-Fos, c-Jun, E2F1, and c-Myc in OS cells is effectively inhibited by niclosamide. Furthermore, niclosamide exhibits significantly inhibitory effect on tumor growth in the mouse xenograft model of human osteosarcoma cells. Thus, these results strongly suggest that niclosamide may exert its anticancer activity in OS cells by targeting multiple signaling pathways. Future investigations should be directed to exploring the antitumor activity in animal models of human OS tumors, and ultimately in clinical trials.
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